16S rRNA molecules in a microbial strain can differ due to nucleotide variation between their genes. This is a typical trait of fast-growing bacteria to cope with different niches. We investigated characteristics of 16S rRNA genes in Vibrio splendidus strain PB1-10, from the normal flora of Atlantic halibut. Sequencing of 16S rRNA gene clones detected 35 variable positions in a total of 13 different gene copies. More than two-thirds of the substitutions occurred in regions corresponding to helix H6 and helix H17 of the 16S rRNA molecule. Possible recombination between these helixes in related bacteria (Vibrio, Photobacterium, Colwellia) from similar environments impacts 16S rRNA-based phylogeny of V. splendidus. We argue that these nonrandom modifications are maintained to provide a finetuning of the ribosome function to optimize translation machinery performance and ultimately bacterial niche fitness.
Introduction
Ribosomal RNA (rRNA) provides ribosomes with shape and function and plays a central role in protein synthesis of all life. rRNA genes are also important phylogenetic markers (Woese, 1987; Amann et al., 1995) . Microheterogeneity in 16S rRNA originates from duplication and mutation (Ueda et al., 1999) and is opposed by conversion and concerted evolution (Lan & Reeves, 1998; Liao, 2000) . Variability causes many single-species GenBank sequences to be more different than would be expected from sequencing errors (Clayton et al., 1995) . Typically, o 1% divergent 16S rRNA gene copies occur in prokaryotic cells (Coenye & Vandamme, 2003; Acinas et al., 2004) . Extreme variation applies to Clostridium paradoxum and Photobacterium profondum with 15 gene copies each (Rainey et al., 1996; Vezzi et al., 2005) and to Thermoanaerobacter tengcongensis with 11.6% copy variability (Acinas et al., 2004) . The advent of genome sequencing has provided direct information about intraspecies microheterogeneity. Completed Vibrio genome sequences show the following 16S rRNA gene copy number and variability: Vibrio cholerae (8, 1.0%), Vibrio splendidus (8, 1.5%), Vibrio vulnificus (9, 0.9%), Vibrio parahaemolyticus (11, 0.6%), Vibrio harveyii (11, 1.2%) and Aliivibrio fischeri (12, 1.1%) (Acinas et al., 2004 ; http://www.ncbi. nlm.nih.gov/).
Vibrio bacteria are of major importance for the mineralization of organic material in the sea and for causing diseases, which lead to serious health and economical problems (Reen et al., 2006) . The free-living, symbiotic and pathogenic vibrios are closely related, and their lifestyle is difficult to disclose. Over 1000 different genotypes of V. splendidus have been found as part of coastal plankton (Thompson et al., 2005b) and there is currently 117 sequenced V. splendidus 16S rRNA genes in GenBank (January 2009). Analysis of 16S rRNA gene variability revealed microheterogeneity in every Vibrio strain examined from culture collections and coastal seawater (Moreno et al., 2002) . Heteroduplex analysis revealed 2% difference within four sequenced 16S rRNA genes of the Chilean seawater strain V. splendidus 3d. The variability was mostly skewed to regions encoding helixes H6 and H17 (Gutell et al., 1994) , also known as the hypervariable regions V1 and V3 (Neefs et al., 1993) frequently targeted in diversity studies. Moreno et al. (2002) suggested that the stem-loop structures are relatively ancient and that divergence is the result of selection or lateral gene transfer (LGT).
LGTexplains genetic variability not created within the cell itself (Yap et al., 1999) . Helix regions corresponding to H17 (455-479 Escherichia coli numbering) have been suggested to move between vibrios and to recombine at a very high frequency in V. parahaemolyticus (Harth et al., 2007) . Microheterogeneity in one or both of the helixes H6 and H17 is present in all the above-mentioned species, and many more. Some vibrios, such as V. splendidus, have an extended H6 due to a 10-nt insert between E. coli positions 73 and 74. Desulfotomaculum australicum has been reported to have an unusually long H6 helix (Patel et al., 1992) . H6 forms the 'spur' and H17 is part of the 'shoulder' of the bacterial ribosome, which is a dynamic molecular machinery with a function utterly dependent on its rRNA structure (Schuwirth et al., 2005) .
Our study was motivated by the vast microheterogeneity in 16S rRNA genes of Vibrio bacteria, and that patterns in the variations may influence ribosome functions in these highly versatile microorganisms. Although the secondary 16S rRNA structure is very robust, this does not necessarily imply that subtle nucleotide sequence variations are biologically irrelevant. An increased number of 16S rRNA gene copies has been suggested to result in faster growth and a quicker adaptation to changing environments (Condon et al., 1995; Klappenbach et al., 2000; Acinas et al., 2004) . Here, we explore the microheterogeneity in 16S rRNA genes of vibrios and their relatives, with focus on V. splendidus strain PB1-10 from the normal flora of Atlantic halibut.
Materials and methods

Vibrionaceae cultivation
The explored isolates originated from Atlantic halibut larvae kept in a hatchery on the western coast of Norway. The larvae were fed with live zooplankton collected from a nearby fjord enclosure (first feeding larvae; isolates PB1-10, PB1-8) and a formulated commercial food (weaned larvae; isolate PB3-7). Groups of 10 larvae were washed three times in autoclaved 25% seawater and surface disinfected for 3 min in 25% seawater with 0.5% Buffodine TM . The treatment was repeated once before the larvae were homogenated and plated on marine-agar plates (Difco 2216) and incubated at 10 1C. After 10 days, colonies were restreaked, cultivated overnight in liquid marine broth with shaking and the pure cultures were frozen at À 80 1C in 20% glycerol. To ensure purity of the recovered PB1-10, PB1-8 and PB3-7 strains before 16S rRNA gene amplification, single colonies were transferred to new marine agar plates (Difco 2216) 3-4 times before liquid cultivation to obtain cells for PCR and new glycerol stocks. Reference strains were grown as described by the National Collection of Industrial and Marine Bacteria (NCIMB).
16S rRNA gene amplification
PCR was performed in 0.5-mL microfuge tubes with 50 mL reaction mixtures containing 1.25 U Taq polymerase (Promega), 2.5 mM Mg 21 , 200 mM dNTP, 1 mL cell template and 50 pmol of each primer 27f and 1492r (Lane, 1991 and photographed using a Polapan pro 100 film (Sambrook et al., 1989) .
Cloning, CfoI screening and sequencing
Amplicons were ligated into the pCRII vector supplied with the Topo TA cloning kit following the manufacturer's instructions (Invitrogen). Chemo-competent E. coli cells were transformed and spread on Luria-Bertani (LB) plates containing 50 mg kanamycin mL À1 and 40 mL X-gal (40 mg mL À1 ). White colonies were picked and restreaked to ensure purity. Clones were cultivated overnight in LB medium with kanamycin (50 mg mL À1 ). Plasmids were purified by miniprep (Saunders & Burke, 1990 ) and PCR amplified with primers 27f and 1492r (Lane, 1991) to produce amplicons for CfoI screening. Digestion was performed for 2 h at 37 1C with 5 mL amplicons and 2.5 U CfoI (Promega). Restriction fragments were separated in 4% (w/v) NuSieve 3 : 1 agarose gels prepared with 0.5 Â Tris-borate-EDTA buffer, electrophoresed at 65 V for 4 h, stained and photographed as described above. Inserts were sequenced using primers M13f, M13r (vector primers), 27f, 519r, 530f, 926f, 1492r (16S rRNA gene primers; Lane, 1991) , the BigDye v3.1 chemistry and an ABI 3700 sequencer (Applied Biosystems). For examination of the PB1-10 16S rRNA genes, 2-4 mL cultures of individual clones were harvested in 96-well plates and plasmids were purified following the manufacturer's instructions (Millipore). These clones were sequenced using primers M13f, M13r, and the 16S rRNA gene primer 338f (5 0 ACTCCTACGGGAGGCAGCAG3 0 ).
Assembly and analysis of the 16S rRNA genes
Manual assembly was performed for sequences from PB1-8 and PB3-7 while automatic assembly was performed for sequences from PB1-10. Using the Contig Express module of Vector NTI, the three overlapping sequences were assembled to generate full-length sequences, whenever possible. Almost identical sequences were identified using an overlap per cent identity cut-off of 0.99. The resulting individual contigs, separating clones with o 99% identical full-length sequences, were manually inspected and split into separate contigs whenever variable nucleotides were evident in identical position in at least two clones. The resulting consensus sequences were defined as 16S rRNA gene sequence variants whenever a minimum of 2-bp variations in identical positions were evident in at least two clones. Remaining singletons were compared with the contig-defined gene variants and, due to sequence uncertainty, only defined as potential additional variants if there were 4 4 bp differences from all other contigs. The sequences revealed no potential chimeras following the RDP CHIMERA CHECK (http://rdp.cme.msu.edu). BLASTN searches (Altschul et al., 1990) were performed to identify similar sequences in GenBank, with search parameters adjusted to search for a short input sequence when searching for helix variants. Helixes were also searched for matching sequences using the RDP PROBE MATCH. Phylogenetic analysis was performed within ARB (http://www.arb-home.de) using partly modified default parameters (see figure legend). Sequences were aligned automatically (ARB FAST ALIGNER) and manually corrected according to constraints imposed by the secondary structure of the 16S rRNA molecule. Filters were generated that omitted alignment positions of sequence ambiguity and for instances in which sequence data were not available for all sequences. Treeing was performed with maximum-likelihood, neighbourjoining and maximum-parsimony methods, and topologies resulting from the various methods were compared.
Nucleotide sequences
Sequences have been deposited in GenBank under the Accession Nos EU091321 (PB3-7 rrnA), EU091322 (PB3-7 rrnB), EU091323 (PB1-8 rrnA), EU091324 (PB1-8 rrnB) and EU091325-EU091337 (PB1-10 rrnA-PB1-10 rrnM). The designation rrnA to rrnM is in accordance with those previously used for 16S rRNA genes in GenBank, and does not refer to the order of the genes on the genome.
Results
Nucleotide variations in 16S rRNA genes associates with restriction sites
Sequence divergence was detected in 16S rRNA genes of environmental isolates of Vibrio strains during genotyping with 4-bp recognition endonucleases (Urakawa et al., 1997 (Urakawa et al., , 1999 Jensen et al., 2002) . Agarose gel electrophoresis of digested PCR products frequently revealed DNA fragments with lower than expected intensity, between the other DNA fragments, resulting in an excess of fragments in the restriction profile. Comparison of CfoI, AluI and BstUI profiles revealed that these fragments were most frequent in CfoI digests of V. splendidus and Aeromonas salmonicida isolates. The CfoI profiles shared a common pattern with one, two or three extra fragments depending on the examined bacterium (Fig. 1) . Profiles of individual 16S rRNA gene clones yielded no extra band, but some clones had slightly different profiles, reflecting the extra bands observed in 16S rRNA gene profiles derived from genomic DNA from isolates ( Fig. 1) . For a more detailed characterization of this variability, full-length inserts from 91 random clones of V. splendidus PB1-10 representing CfoI pattern 1 were analysed.
Microheterogeneity characteristics of 16S rRNA genes in V. splendidus PB1-10
A total of 35 (2.3%) variable positions were identified in the 16S RNA gene clones, implying, from the stringent criteria (Materials and methods), 13 distinct gene copies of 1519 bp size (Table 1) . The genes were sequenced with a coverage of 23 Â (rrnB), 14 Â (rrnC), 11 Â (rrnA), 9 Â to 2 Â (rrnD to rrnL) and 1x (rrnM). CfoI pattern 1 associated with GCGC variation at position 474 in rrnB,H,I,K,L, yielding the extra 477-nt fragment (Fig. 1) . Another GCGC variation at position 471 in rrnF corresponded to a barely visible 103-nt fragment (Fig. 1) . The four major bands of CfoI pattern 1 were 580-, 531-, 137-and 271-nt long, corresponding to cut sites at positions 577, 1108 and 1244 in rrnA,C,D,G,E,J,M (Fig. 1) . Sequenced 16S rRNA genes folded according to the secondary structure model of Gutell et al. (1994) . Base pairing was maintained due to covariation changing both bases of a pair, or one of a pair due the formation of noncanonical G : U pairs. As many as 24 variable sites were localized to positions 73-91 of helix 6 and to positions 456-476 of helix 17 (Fig. 2) . Three variants of helix 6 (H6-I to H6-III) and four variants of helix 17 (H17-I to H17-IV) were identified (Fig. 2) . 16S rRNA genes of the isolates PB1-8 and PB3-7 revealed different microheterogeneity characteristics (data not shown).
The phylogeny of individual 16S rRNA genes from V. splendidus overlaps with those of other Vibrio species
Sequencing of 16S rRNA genes amplified from genomic DNA classified the PB1-10 isolate to a cluster of V. splendidus and the PB1-8 and PB3-7 isolates to a cluster of A. salmonicida. Phylogenetic analysis based on a continuous 16S rRNA gene alignment (1362 nt) revealed a recurrent overlap of the cloned PB1-10 genes with genomic amplicons and individual gene copies of closely related strains and species (Fig. 3) , also revealed by the cloned PB1-8 and PB3-7 genes (data not shown). The PB1-10 overlap with Vibrio lentus, Vibrio aestuarianus, Vibrio tasmaniensis and Listonella anguillarum persisted in analysis excluding E. coli positions 73-91 (H6) and 456-476 (H17).
Identical helix regions exist across the Vibrionaceae
Many sequences in the database matched the variant PB1-10 helixes and exact matches were found in widely distributed members of Vibrionaceae from similar environments. In contrast, no exact match to a complete PB1-10 16S rRNA gene (rrnA-M) was found (BLASTN, January 2009). The distinct H6-III variant matched only with two other H6 sequences, one belonging to a deep-water Vibrio sp. W26 (EF114128) from the Florida straits and the other to a seawater Vibrio sp. S204 (FJ457306) from off Iceland (Fig.  2) . The distinct H17-III variant matched five other H17 sequences. They belonged to a Vibrio (EU035831), a Photobacterium (FJ152216) and three species of the Colwellia (EU544834, AF283852, AF001375) (Fig. 2 ).
Discussion
The 16S rRNA genes of V. splendidus PB1-10 showed diversity within two regions forming stem-loop structures. Most of the observed nucleotide variability was present in these H6 and H17 helixes, equalling phylum differences (4 30%) if distributed throughout the 16S rRNA genes. The remaining variability occurred as pairs in other helixes and at single positions. Errors introduced by PCR cannot be excluded but is an unlikely source of this variability because there were multiple sequence coverage (up to 23 Â ) of the genes. Furthermore, the intraspecific sequence variability seen as extra restriction fragments in genomic amplicons were absent in cloned amplicons. Most of the variable nucleotides were distributed nonrandomly in covarying pairs to maintain the necessary secondary structure. The intraspecific 16S rRNA gene sequence variability in V. splendidus is c. 2%, which is high, taking into consideration that the most divergent Vibrio species have 16S rRNA gene distances of c. 7% (Kita-Tsukamoto et al., 1993; Moreno et al., 2002) , and that 16S rRNA genes of V. lentus are only 0.8% different from those of the closest V. splendidus strains. H6 and H17 variability of the genus Vibrio was first described by Dorsch et al. (1992) , who proposed these regions as targets for specific oligonucleotide primers and probes. In accordance with the present study, their sequences and the sequence of V. splendidus type strain (ATCC 33125 T ) show undetermined positions. Heteroduplex screening (Moreno et al., 2002) verified that V. splendidus, like many other vibrios, have several variable positions in the 16S rRNA helixes H6 and H17. Further investigations of H17 in V. parahaemolyticus identified four H17 variants (up to three in the same strain), indicating very high genetic recombination of 16S rRNA genes in the genus Vibrio (González- Escalona et al., 2005; Harth et al., 2007) . The current genome draft of V. splendidus (strain 12B01; M. Polz, S. Ferriera, J. Johnson et al., unpublished data) and a completed genome sequence of V. splendidus (strain Fig. 2 . Variants of helixes H6 and H17 in 16S rRNA genes from Vibrio splendidus PB1-10. Each variant (I-IV) is defined by a characteristic set of nucleotides (in bold). The helixes were drawn from the secondary structure model of Escherichia coli 16S rRNA gene (Gutell et al., 1994) modified to locate all variable positions of PB1-10 (pinpointed). Double-headed arrows indicate the number of GenBank sequences exactly matching these helix variants (January 2009; BLASTN, PROBE MATCH). A shaded box indicates lateral transfer with species of Photobacterium and Colwellia. Included below is a linkage map of the helixes in their respective rrn genes. Alignments with potential LGT donors to rrnG (H6-III) and to rrnE (H17-III) are shown at the bottom, to visualize the similarity of these regions.
LGP32; D. Mazel & F. Le Roux, unpublished data) contain 12 and eight 16S rRNA genes, respectively. Helix H6 variants I and II are present in both genomes, with the addition of H6-IV (12B01) and H6-V (LGP32), shared with 54 and one other Vibrio species, respectively (BLASTN, February 2009 ). Only helix H17-I is represented by the drafted 12B01 sequences. The completed LGP32 sequences, however, contains both H17-I, II and two additional variants, which we name H17-V and VI that is shared with 49-63 other vibrios (BLASTN, February 2009) . Interestingly, although sequences of these helixes vary, their conserved positions (Fig. 2) are identical. Further homology searches show that V. splendidus strain 3d harbours helix variants H6-I, II and H17-I, II, IV. The H17 variants of the V. parahaemolyticus (González-Escalona et al., 2005; Harth et al., 2007) differ from H17 in V. splendidus, but nucleotides in the loop are conserved.
Phylogenetic analysis revealed that V. splendidus 16S rRNA genes overlap with other Vibrio species. This was observed for all the cloned 16S rRNA genes examined (strains PB1-10, 3d, 12B01 and LGP) irrespective of the method used, and also appears to be the case for the A. salmonicida strains PB1-8 and PB3-7 (data not shown). Evolutionary rates vary within the rRNA gene (Smit et al., 2007) , and highly conserved regions, such as around primer 338f, remain unchanged because it is critical for the function of the ribosome. It is, however, unclear why regions like H17-III vary between genes in the same genome but can be identical across species and higher taxa boundaries. Vibrio phylogeny can be improved by putting less weight on regions with the highest intragenomic microheterogeneity (Dorsch et al., 1992; Case et al., 2007) , but ideally, organismal trees need to be derived from several genes widely spaced on the genome to reduce the effects of LGT as much as possible (Cilia et al., 1996; Thompson et al., 2005a) .
LGT offers a plausible explanation for the presence of highly variable sets of stem-loop structures in very similar 16S rRNA genes (Wang & Zhang, 2000) .
LGT events with a range of related bacteria may have caused PB1-10 to harbour its characteristic helix regions. Of special interest is the novel H17-III, because it, for the first time, shows that a variable 16S rRNA gene region of a Vibrio matches those present in members of the family Colwelliaceae. So far, it was thought that Vibrio 16S rRNA gene transfer only occur intragenus (Moreno et al., 2002; Harth et al., 2007) . The H17-III exists in bacteria as geographically separated as in water above a Norwegian deep-water coral reef (EU035831), in a Brazilian reef coral (FJ152216), in particles and sea-ice of the Arctic Laptev (EU544834) and Chukchi Sea (AF283852), and in Antarctic sea-ice (AF001375).
Recognition of the microheterogeneity as nonrandom modifications in the 16S rRNA molecule imply that they are not just artefacts but have biological significance. If not serving a purpose, the nucleotide variability would be expected to be lost due to conversion and concerted evolution (Lan & Reeves, 1998; Liao, 2000) . It can be speculated that similar ecotypes share modified regions like 'spare parts' and that this is reflected in phylogenetic trees. The rRNA molecule's structure is crucial for the functioning of the ribosome (Schuwirth et al., 2005) . Mylvaganam & Dennis (1992) suggested that ribosomes might play an active role in the efficiency, accuracy and in the regulation of protein synthesis through subtle interactions with mRNAs. Bacteria could control gene expression at the translational level by selectively translating specific mRNA types using slightly different ribosomes (Condon et al., 1995; Nübel et al., 1996) . Subtle modifications of rRNA may fine-tune their functional role and aid in increasing the 'translation power' of the cells (Dethlefsen & Schmidt, 2007) . A glimpse of the structure-function relationship has been uncovered by López-López et al. (2007) and Lauro et al. (2007) who suggest that ribosomal function can be improved by 16S rRNA modifications, such as elongated helixes (pressure adaptation) and helix stability (temperature adaptation). These fitness effects were indicated by Haloarcula marismortui (temperature) and by deep-sea representatives of the genera Photobacterium, Colwellia and Shewanella (pressure). The high-pressure-adapted P. profondum has more copies (15 in total) with more nucleotide variability (4.5%) and length variation (44 nt) than any of the other investigated members of the Vibrionaceae (Vezzi et al., 2005) . Flexibility may also be acquired by enhanced translation of mRNA molecules that complement distinct sequences in the H17 helix (Golshani et al., 2004) . There are examples of lateral transfer of entire rrn operons (Yap et al., 1999) and recent observations indicate that actinomycetes can regulate translation by expressing heterogenous rRNAs at different stages in their life cycle (Kim et al., 2007) .
The significance of having microheterogeneous 16S rRNA genes could reflect the particular free-living, symbiotic and pathogenic lifestyles of V. splendidus. We hypothesize that multiple and microheterogeneous rrn operons might be important adaptive traits increasing the structural dynamics and functional flexibility of ribosomes characteristic for ecophysiological versatile microorganisms. Vibrio splendidus may be a good model organism in which to experimentally investigate the performance of the translation apparatus under different ecological life strategies.
